Follicular growth, circulating estradiol concentrations and endometrial prostaglandin F2~ (PGF2~) production were measured to determine whether there is an interrelationship among these factors associated with luteolysis. Follicular growth was monitored by rectal palpation every other day during diestrus in 16 mares. Plasma estradiol was determined for daily samples during all estrous cycles. Endometrial tissue was removed for PGF2~ analysis by radioimmunoassay on d 10, 12, 14 or 16 during several normal cycles and after d 30 during spontaneously prolonged cycles. Circulating estradiol concentrations were highly correlated with follicular diameter. Follicular growth was initiated before d 14 in normal cycles, thus estradiol was significantly elevated during the portion of diestrus prior to luteolysis. This was not the case during spontaneously prolonged cycles in which a) there was no correlation between follicular size and circulating estradiol, b) follicular growth was initiated an average of 19 d postovulation, and c) estradiol concentrations did not increase. Diestrous estradiol concentrations, during normal cycles, were significantly elevated immediately (72 to 24 h) prior to the time at which peak endometrial PGFz~, production occurred (d 12 and 14). During spontaneously prolonged cycles, estradiol concentrations did not rise at the time of expected luteolysis, and endometrial PGF2~ production was minimal in d 30 biopsies. Results suggest that diestrus follicular growth and its consequent estradiol production may play a role in initiating luteolysis through endometrial PGFz, ~ production and that delay or failure of this process may result in spontaneously prolonged corpora luteal function.
Introduction
Increases in estrogen concentration during the luteal phase of the estrous cycle promote luteolysis in the cow (Brunner et al., 1969) , hamster (Choudary and Greenwald, 1968) , guinea pig (Illingworth and Perry, 1973) and ewe (Hawk and Bolt, 1970) . The additional hormone is believed to originate within the growing follicles (Bjersing et al., 1972; Hixon et al., 1975) . Several studies have demonstrated that exogenous estradiol either did not change the lifespan of the corpus luteum in diestrous mares (Neely, 1979; Woodley et al., 1979; Burns and Douglas, 1981) or extended luteal function (Nishikawa, 1959) . The luteolytic properties of estradiol are mediated through its stimulation of endometrial PGF2, ~ production in the ewe (Barcikowski et al., 1974; Ford et al., 1975; Scaramuzzi et al., 1977) and guinea pig tCurrent address: Southern Illinois Univ., Carbondale 62901.
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Received November 14, 1986 . Accepted August 11, 1987 ( Blatchley et al., 1972; Naylor and Poyser, 1975) . In species for which direct luteolytic effects of exogenous estrogen have not been clearly documented, the link between endogenous circulating estradiol and an increase in uterine PGF2, ~ release has, nevertheless, been demonstrated (Saksena and Lau, 1973; Demers et al., 1974; Ham et al., 1975; Frank et al., 1978; Abel and Baird, 1980; Vernon et al., 1981) . Lack of plasma PGFM (15-keto,13,14 dihydroprostaglandin Fza ) release has been suggested to be a cause of nonpathologic luteolytic failure, a common phenomenon in mares . However, no relationship has been demonstrated between PGF2, ~ and estradiol secretion in the equine. mine whether a relationship exists between plasma estradiol concentrations, follicular size and growth, endometrial PGF2, ~ and luteal regression during the normal estrous cycle in the mare and, if such a relationship is observed, whether it is altered during the spontaneously prolonged corpus luteum (SPCL) syndrome.
Materials and Methods
The estrous cycles of 16 Quarter Horse, Thoroughbred and Appaloosa mares with nor-98 J. Anim. Sci. 1988. 66:98-103 mal reproductive histories were monitored by daily teasing and rectal palpation every other day until estrus, then every day through ovulation, from May to October of the same year. The average length of a normal estrous cycle was 22 d. Growth of individual follicles was recorded by noting the size (/> 25 mm diameter) and location of all follicles. Plasma was collected daily from each mare by jugular venipuncture and stored at -20 C prior to radioimmunoassay for progesterone and estradiol concentrations. Spontaneously prolonged corpus luteum syndrome normally lasts approximately 60 d. SPCL syndrome was defined as diestrous behavior persisting at least 30 d postovulation without evidence of an ovulation. Afflicted mares exhibited continued turgid uterine tone upon palpation and a tightly closed cervix. Daily plasma progesterone concentrations remained above 1 ng/ml during this period.
Endometrial tissue samples were obtained by uterine biopsy on d 10, 12, 14 or 16 postovulation during the first one to three estrous cycles (one biopsy per cycle). These tissues were snap-frozen in liquid N and stored at -70 C prior to incubation in vitro to determine PGF2, ~ production capacities. Since endometrial biopsy results in luteolysis in most mares, no data were collected from biopsied animals during the remainder of that cycle. An average of two normal estrous cycles was monitored without biopsy in each mare. When an SPCL syndrome was detected, endometrial tissue samples were obtained.
In a pilot study, PGF2,~ production was compared for endometrial tissues that had been obtained from the same excised uterus and either incubated immediately upon collection (fresh) or after snap-freezing. Since no significant difference in PGF2, ~ production was noted between fresh and snap-frozen tissue, all biopsy tissue was subsequently snap-frozen to facilitate handling and stored at -70 C until analysis. After thawing, endometrial tissues were homogenized by hand until a uniform emulsion was obtained and incubated at 37 C in Tyrode's solution (approximately 10 mg tissue/ml) for 2 h with constant shaking. The incubation was 3pharmacia, Uppsala, Sweden. stopped by addition of indomethacin (4 Ixg/ml). After centrifugation at 2,226 • g for 30 min, a 100-1xl aliquot of supernatant was analyzed for PGF2,~ content by radioimmunoassay according to the method of Caldwell et al. (1972) using an anti-PGF2,~ antiserum at a dilution of 1:1,000. Crossreactivity of this antiserum with PGFI,~ was 14%, but no other forms of PG showed crossreaction. The minimal detectable concentration was 10 pg. Basal PGF2~ production was linear and increased proportionally with increasing amounts of mare endometrial tissue. The interassay and intraassay coefficients of variation measured by repeated assay of identical tissue samples were 15.7 and 20.2%, respectively. This procedure has been reported previously (King and Evans, 1983) .
The procedure of Perez (1979) was followed for analysis of progesterone in stored plasma samples. Intraassay and interassay coefficients of variation were 12.3 and 5.4%, respectively. The minimal detectable concentration was .62 ng/ml. Parallelism was obtained between serially diluted equine serum and the standard curve.
Estradiol was analyzed by radioimmunoassay modified after Edqvist and Johansson (1972) . Duplicate .5-ml aliquots of plasma were extracted with 5 ml anhydrous ether (90% recovery). Estradiol antiserum was used at a 1:5,000 dilution. Crossreaction of the primary estradiol antibody with estrone was 11.1%, with less than 1% crossreaction to all other estrogens and estrogen metabolites (Boilert et al., 1973) . To determine estradiol:estrone concentration ratios in the mare, a series of column separations using representative plasma samples encompassing a large range of estradiol concentrations was run on Sephadex G-203 columns. Plasma samples were run on the radioimmunoassay system with and without prior separation to determine whether plasma estrone concentrations influenced the estradiol results. No difference was detected between separated and unseparated plasma samples. All subsequent plasma samples, therefore, were assayed without prior column separation; results were expressed in pg estradiol/ml plasma. This radioimmunoassay system was validated for equine plasma by addition of extracted horse plasma to estradiol standards and by plotting the results with those from a normal standard curve. Two parallel curves were obtained within the range of detectability of the standard curve. Relationships between follicular size and average plasma estradiol concentration (figure 1) were tested by linear regression analysis and correlation analysis. In figure 2, the estradiol average of 72, 48 and 24 h prior to biopsy, minus the d 10 average estradiol, were analyzed by linear regression analysis; slopes at P<.05 were considered different from 0. PGF2, , data (figure 2) were compared by one-way analysis of variance between days (dl0 through dl6). If this test was significant, then post hoc t-tests were performed. Changes in estradiol concentrations during the luteal phase and SPCL syndrome (table 1) were tested by a one-way analysis of variance between early and late luteal phases. The alpha significance level was P<.05.
Results
Estradiol and Follicular Size. Sizes of the largest follicles were correlated with plasma estradiol concentrations every other day through 10 normal-length estrous cycles. No uterine biopsies were performed during these cycles. In 8 of 10 of these cycles, a positive correlation (r = .95) existed between average plasma estradiol and follicular size (figure 1).
Day of Biopsy
During seven SPCL syndrome cycles, no meaningful correlation between follicular size and estradiol concentrations was demonstrated (r = .48). These correlations were made on data collected every other day until biopsy on d 30.
Follicular Growth. Follicular growth measurements taken during a combination of 33 normal and biopsied estrous cycles were analyzed for evidence of a common growth pattern among mares. The average number of follicles >I 25 mm was plotted against days of the cycle (day of ovulation = d 0). In 31 of 33 cycles, a single new wave of follicular growth was initiated between d 8 and 14 postovulation (figure 3). There was no evidence for repeated waves of follicular growth within one estrous cycle. A single episode of growth encompassing the latter half of the estrous cycle was seen in all cases. Any remaining large follicle that was not ovulated underwent atresia by d 10 and did not contribute to the succeeding cycle in any case. Late Luteal Phase Estradiol Secretion. Daily plasma estradiol measurements from 26 estrous cycles of normal duration and from seven SPCL cycles were examined for evidence of increased estradiol secretion around the time of luteolysis or expected luteolysis. Luteolysis was judged to have occurred on the first day that progesterone exhibited a precipitous decrease to, or below, 1 ng/ml. Average estradiol concentrations were calculated from d 2 postovulation to d 5 prior to luteolysis, and for 72 to 24 h prior to luteolysis. The d 2 postovulation to d 5 prior to luteolysis period was chosen as representative of the early luteal phase, when the cycle is dominated by progesterone secretion from the recently formed corpus luteum. The 72-to 24-h period prior to luteolysis represented a period during the late luteal phase immediately prior to the time when PGF2, ~ is assumed to stimulate luteolysis.
During normal cycles, higher estradiol concentrations occurred immediately prior to luteolysis compared with concentrations earlier in the luteal phase (P<.005; table 1). During SPCL episodes, when the luteal phases are abnormally long, no significant differences were noted between estradiol concentrations early in the luteal phase and the period when luteolysis should have occurred.
PGF2~ Production. To determine the relation between circulating estradiol and endometrial PGF2~ production, estrous cycles in which uterine biopsies were obtained were analyzed for differences in average plasma estradiol increase covering the 72-h period prior to biopsy on d 10, 12, 14 or 16 (figure 2). Endometrial PGF2, ~ production was elevated (P<.05) from baseline (d 10) values on d14 and 16 postovulation, with peak production occurring on d 14. Changes in estradiol concentrations in normal mares biopsied on d 12 and 14 parallelled the changes in PGF2, ~. Regression analysis of estradiol secretion revealed a positive slope (P= .04) with the equation for the line; y = 4.75 + 1.98x. During this same period there were no significant changes in estradiol concentrations in mares undergoing SPCL. PGF2,~ began to decline on d 16, whereas estradiol continued to increase in the normal and SPCL mares; by d 16 luteolysis had occurred in most mares.
Discussion
Results of this study indicate that a temporal relationship exists between follicular growth, estradiol concentrations, increased endometrial PGF2, ~ production and luteolysis in the mare. Increased estradiol concentrations were linearly correlated with developing follicles in mid-to late diestrus, leading to significantly elevated estradiol concentrations immediately prior to luteolysis. It was at this same time during the normal estrous cycle that endometrial PGF2,~ production was elevated and luteolysis commenced.
Unlike in cattle (Glencross et al., 1973) and sheep (Smeaton and Robertson, 1971) , follicular growth patterns in the mare are often unpredictable. In this study follicular growth in normal cycling mares commenced in mid-diestrus and culminated in ovulation; no repeated patterns of follicular growth within the cycle could be discerned. These results do not support the hypothesis of Hughes et al. (1980) that follicular growth may occur at 10-d intervals in the mare. Follicular growth data resulting from extensive ovarian ultrasonic studies reported by Ginther (1986) revealed a midcycle increase in proliferation and diameter of large (/>16 mm) follicles that persisted only to ovulation. Research presented here noted the same growth dynamics, although follicles were of slightly larger size (1>25 mm). Follicular size differences between the two studies can be attributed to the fact that ultrasonography measures only follicular antrum, whereas palpation includes follicular walls. The present study confirms and extends Ginther's findings (1986) by demonstrating a highly positive correlation between the follicular growth pattern and plasma estradiol.
The effects of estradiol on PGF2~ production and luteolysis in late diestrus have been well documented in several species (Naylor and Poyser, 1975; Scaramuzzi et al., 1977) . Factors responsible for initiation of luteolysis in the mare, however, are little known, and what evidence is available in the literature is contradictory. Vernon et al. (1981) reported increased endometrial PGF2,~ production in vitro in the presence of estradiol. Neely (1979) , however, detected no change in luteal lifespan after estradiol treatment in vivo. Oxytocin, which is involved in the luteolytic process in several species (Donaldson et al., 1965; McCracken, 1980; Cooke and Knifton, 1981) , increases in plasma prior to luteolysis in the mare (Tetzke et al., 1986 ). Oxytocin appears to augment endometrial PGF2,~ production in vitro (King and Evans, 1984) but, like estradiol, exogenous administration of oxytocin to mares failed to stimulate early luteolysis (Neely, 1979) . However, Betteridge et al. (1985) successfully stimulated PGF2,~ release with exogenous oxytocin if it was given 10 d after ovulation. The role of oxytocin in the luteolytic processes in the mare, therefore, remains poorly understood. Neely et al. (1979) reported an absence of PGFM release during SPCL activity. Supporting this finding, endometrial PGF2,~ production was basal when determined at 30 d postovulation during SPCL cycles (King and Evans, 1983) . In addition, luteolytic failure in the mare, leading to SPCL episodes in the present study, was associated with significantly later follicular growth and no change in late diestrous estradiol concentrations.
These results suggest that the luteolytic process in the mare is linked to estradiol stimulation of endometrial PGF2,~ production, and that estradiol production is the result of luteal phase follicular growth. Furthermore, when this follicular growth is delayed or absent and estradiol does not increase during late diestrus, the luteolytic process is not initiated, which results in spontaneously prolonged corpus luteum activity. Hixon et al. (1975) reported that destruction of follicles in ewes by x-irradiation resulted in luteolytic failure. This relationship, between luteal phase estradiol and endometrial PGF2,~ production, could explain the relatively high incidence of SPCL activity in the mare, given the fact that luteal phase follicular growth appears to be more variable than that reported in other domestic animals.
The present findings lead us to hypothesize that disruption of the follicular growth wave, or the pattern of estradiol secretion, should lead to luteolytic failure, which results in SPCL syndrome in the mare. 
